Abstract. Sirtuin7 (Sirt7) is a member of the Sir2 histone deacetylase family that functions in a number of physiological processes, including cellular metabolism, ageing and apoptosis. Several studies have indicated that Sirt7 may serve a vital role in promoting the development of cancer. However, to the best of our knowledge, its function in glioma progression has not been demonstrated. The present study revealed that Sirt7 expression was upregulated in human glioma tissues and that the high expression level of Sirt7 was positively associated with glioma malignancy. Further results indicated that the suppression of Sirt7 expression could inhibit the activation of phosphorylated extracellular signal-regulated kinase (p-ERK) concomitantly with decreased expression of cyclin-dependent kinase 2 in glioma cells. Phosphorylation of signal transducer and activator of transcription 3 (STAT3) inhibited when Sirt7 was downregulated by siRNA interference in glioma cell lines. The findings of the present study indicated that Sirt7 affects the malignancy of glioma cells mainly in promoting glioma proliferation and invasion through ERK and STAT3 signaling. Thus, Sirt7 may function as a valuable target for the treatment of human glioma.
Introduction
Sirtuins, which are class III histone deacetylases, are oxidized nicotinamide adenine dinucleotide (NAD + )-dependent deacetylases that are implicated in the control of a wide range of biological processes, including apoptosis, stress responses, DNA repair, cell cycling, metabolism and senescence (1, 2) . In total, seven sirtuins (Sirt1-7), with considerably different functions and catalytic activities, are found in mammals (3) . Sirt1 has attracted considerable attention in the last decade as a result of its role in tumorigenesis in the last decade, due to its strong catalytic activity and close similarity to the yeast Sir2 protein (4) .
Few studies have investigated the role of Sirtuin7 (Sirt7) in diseases (5) . Sirt7 is located mainly in the nucleus, particularly the nucleolus, where it binds to rRNA. Sirt7 activity is required to resume rDNA transcription during mitosis (6) . Additionally, previous studies have highlighted the role of Sirt7 in various notable cellular processes, particularly protein synthesis, chromatin remodeling, cellular survival and lipid metabolism (2, 7) . Of particular interest are reports concerning the high expression level of Sirt7 in certain types of cancer, indicating that Sirt7 could be considered to be an oncogene (5, 8, 9) . However, the role of Sirt7 in glioma remains unclear, prompting this investigation into the biological characteristics of Sirt7 in human glioma.
According to the World Health Organization (WHO) clinical classification, based on the phenotype of glioma (10) , >50% of glioma are glioblastoma multiform (GBM, grade IV astrocytoma). However, despite considerable therapeutic efforts, glioblastoma (GBM) remains the most common form of human brain tumor, and is associated with high morbidity, recurrence and mortality rates (11) . The overall 5-year survival rate of GBM is <5%, and is even less for elderly patients (12) . Thus, to understanding the mechanisms of GBM tumorigenesis, a wide range of scientific studies are required; for example, to identify a the biological marker for targeted therapy so as to decrease the recurrence rate and improve patient quality of life (13) . The current study investigated the biological roles of Sirt7 in glioma tumorigenesis.
T he reg u lat ion of m itogen-act ivated protei n kinase (MAPK)/extracellular signal-regulated kinase (ERK)-dependent pathways serves a role in a number of (14) . The Ras/Raf ERK1/2 cascade is essential for the induction of matrix metalloproteinase-9 (MMP-9) expression (15) . Signal transducer and activator of transcription 3 (STAT3) serves roles in GBM tumorigenesis and central nervous system development (16) . A previous study revealed that STAT3 is activated by growth factors or extensively existed cytokines. Upon tyrosine phosphorylation by receptor-associated tyrosine kinases, STAT3 translocates to the nucleus and regulate gene transcription (17) .
The present study examined Sirt7 expression in 15 clinical samples of glioma tissues and the corresponding non-tumor specimens by western blot analysis. Sirt7 was overexpressed in human glioma tissues, and its high expression level is associated with the degree of glioma malignancy. These data indicated that Sirt7 may serve as a sensitive prognostic indicator for glioma patients. In addition, Sirt7 expression was decreased in glioma cell lines using small interfering RNA (siRNA) interference. The results revealed that Sirt7 was involved in cellular proliferation, colony formation and the invasion ability of glioma cells, and that downregulation of Sirt7 decreased the expression of phosphorylated (p)-ERK, cyclin-dependent kinase 2 (CDK2) and STAT3. These results indicated that Sirt7 may be a potential target in the glioma therapy.
Materials and methods
Patient samples. Samples of glioma and matched non-tumor tissues were collected from 15 patients at Affiliated Chenggong Hospital (Xiamen, China). A total of 40% patients were female and 60% were male, the median age was 45 years, ranging from 14-74 years. Patients with malignant peripheral nerve sheath tumors or other unrelated neurologic tumors were excluded. Informed consent was obtained from all patients or family members, and the study protocol was approved by the Ethical Committee of Affiliated Chenggong Hospital. All tissues were snap-frozen and stored in liquid nitrogen prior to use. A further 20 paraffin-embedded samples obtained from Pathology Department of Affiliated Chenggong Hospital. Only samples that were diagnosed with WHO stage II and IV disease were chosen.
Analysis of Sirt7 expression using an online microarray database. Human glioma expression microarray data were downloaded from The Cancer Genome Atlas (TCGA) (http://cancergenome.nih.gov/), and were used to analyze difference in the expression of SIRT7 between normal brain and glioma tissues.
Cell culture and transfection. The U251 cell line was obtained from the China Center for Typical Culture Collection. Professor Xiuwu Bian (The Third Military Medical University, Chongqing, China) kindly provided the glioma CHG5 and SHG44 cell lines. U87 cell lines were purchased from the American Type Culture Collection (Manassas, VA, USA). This cell line has been reported to be misidentified/contaminated. This is not the original glioblastoma cell line established in 1968 at the University of Uppsala; as described in PubMed=27582061 (18) . However, this cell line exhibits Sirt7 overexpression and meets our research requirements, it does not interfere with our experimental conclusions. Cells were cultured in DMEM (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% FBS (Gemini Bio Products, West Sacramento, CA, USA) at 37˚C in a humidified atmosphere containing 5% CO 2 .
Owing to transfection efficiency considerations and the background high expression of Sirt7 in U87 and U251 cell lines, these two cell lines were chosen in the knockdown experiment. Two siRNAs targeting at Sirt7 (target sequence: 5'-GTG GAC ACT GCT TCA GAA A-3' and 5'-CGA AGC TTT ACA TCG TGA A-3') were synthesized by Guangzhou RiboBio Co., Ltd., (Guangzhou, China). Cells were seeded into a 6-well plate at 50-60% confluence, and were then transfected with oligonucleotides at a final concentration of 20 nM with the DharmaFECT reagent (Thermo Fisher Scientific, Inc.) according to the manufacturer's instructions. After 6 h, the transfection medium was replaced with 2 ml DMEM. The cells were collected for the following assays after 48 h.
Western blot analysis. Cells were harvested and lysed in radioimmunoprecipitation assay lysis buffer (50 mM Tris (pH 7.4), 150 mM NaCl, 1% NP-40 and 0.5% sodium deoxycholate) The BCA Protein Assay kit was used to determine the protein concentrations according to the manufacturer's instruction (Pierce; Thermo Fisher Scientific, Inc.). Equal amounts of total proteins (25 µg) were subjected to 10% SDS-PAGE. They were then transferred to polyvinylidene difluoride membrane, incubated with 5% BSA (Sangon Biotech, Co, Ltd., Shanghai, China) blocking buffer for 1 h at room temperature and then incubated overnight with primary antibody at 4˚C. The primary antibodies used were as follows: Sirt7 (cat. no. 5360), STAT3 (cat. no. 4904), p-STAT3 (cat. no. 9145), CDK2 (cat. no. 2546), MMP-9 (cat. no. 3852) (all from Cell Signaling Technology, Inc., Danvers, MA, USA, and used at a dilution of 1:1,000), and β-actin (cat. no. SC-130300, Santa Cruz Biotechnology, Inc., Dallas, TX, USA). The membranes were then incubated with the horseradish peroxidase-conjugated secondary antibody (Anti-mouse IgG, cat. no. 7076; Anti-rabbit IgG, cat. no. 7076; from Cell Signaling Technology, Inc., Danvers, MA, USA, and used at a dilution of 1:10,000). Immunoreactive bands (cat. no. WBKLS0500; Millipore Immobilon Western, ECL; EMD Millipore, Billerica, MA, USA) were quantified using ImageJ software (v.1.48; National Institutes of Health, Bethesda, MD, USA).
Immunohistochemistry (IHC).
The archived paraffinembedded tissues were cut to a thickness of 4 µm. Immunostaining was performed using the two-step Elivision Plus kit system (Fuzhou Maixin Biotech Co., Ltd., Fuzhou, China). The sections were dewaxed in xylene, rehydrated with a series of ethanol solutions (100, 95, 80 and 70%), and then boiled in citrate buffer (pH 6.0) for 2 min in an autoclave. Next, 0.3% H 2 O 2 was used to block endogenous peroxidase activity at room temperature for 15 min, and the sections were incubated with normal goat serum (dilution ratio 1:20) for 20 min at room temperature to reduce non-specific binding. Tissue sections were incubated with the Sirt7 antibody (cat. no. 5360s; 1:150 dilution; Santa Cruz Biotechnology, Inc.) for 2 h at room temperature. The secondary antibody was applied using the Envision Detection kit (Dako; Agilent Technologies, Inc., Santa Clara, CA, USA). Slides were stained for 2 min with diaminobenzidine tetrahydrochloride (DAB) and then counterstained 2 min with hematoxylin at room temperature. The stained tumor cells were assessed with a Nikon microscope in 10 independent fields at magnification, x400.
Cell viability assay. An MTS assay was used to detect cell proliferation. Cells were plated in 96-well plates at 1x10 4 cells/well and cultured for 4 h before each of the treatment durations (24, 36 and 48 h). A total of 20 µl MTS was added to each well and then incubated for 4 h at 37˚C. The absorbance of each sample was measured at 490 nm using a microplate reader.
Colony formation assay. Cells were seeded at a density of 1,000 per well into a 6-well culture dish and incubated at 37˚C. Culture medium was replaced with fresh medium every two days. After 3 weeks, cells were washed with PBS and stained with Gimesa stain for 20 min at room temperature (EMD Millipore). Only colonies with >50 cells were counted. A total of 12 random fields were counted under an upright light microscope at magnification, x200. All experiments were performed in triplicate.
Cell invasion assay. An in vitro cell invasion assay was performed using a 24 well-plate transwell insert (EMD Millipore) coated with Matrigel (EMD Millipore). A total of 0.5 ml of prepared serum-free suspension of transfected cells (24 h after transfection), with a total cell count of 1x10 5 , were added into the upper chamber (8-µm pore size), 0.5 ml cell culture medium containing 10% FBS was added to the lower chamber of the insert. After incubation for 24 h, non-invading cells in the interior of the insert were removed using a cotton swab. The invasive cells on the lower surface of the insert were treated with Gimesa stain (1:9) for 20 min at room temperature and average percentage of positive tumor cells were assayed in 10 independent fields at magnification, x200 under an upright light microscope for research and clinical use. All experiments were performed in triplicate.
RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis.
Total RNA was extracted from tissues and cells using Tripure Isolation reagent (Roche Applied Science, Penzberg, Germany), according to the manufacturer's instructions. The Transcription First Strand cDNA Synthesis kit (Roche Applied Science) was used to synthesize cDNA from 1 µg total RNA. The primers sequences used are as follows: SIRT7, forward, CAG GGA GTA CGT GCG GGT GT, and reverse, TCG GTC GCC GCT TCC CAG TT; GAPDH, forward, AAG TGA AGC AGG AGG GTG GAA, and reverse, CAG CCT CAC CCC ATT TGA TG. The thermocycling conditions were as follows: Initial denaturation at 94˚C for 5 min, followed by 30 cycles at 94˚C for 45 sec, 59˚C for 45 sec and 72˚C for 45 sec, followed by 72˚C for 45 sec and finally one cycle at 72˚C for 10 min. Experiments were performed in triplicate with SYBR Green I Master mix (Roche Applied Science); GAPDH was used as the internal control. The results were normalized using the 2 -ΔΔCq method (19) . 
Results

Expression of Sirt7 in human glioma tissues.
To examine the physiological relevance of Sirt7 in human glioma development, the expression level of Sirt7 was analyzed in clinical patient samples using a Sirt7-specific antibody. The samples were obtained from 15 patients who were classified into different grades according to their pathological diagnoses. The characteristics of the glioma patients are summarized in Table I . As shown in Fig. 1A , Sirt7 was positively expressed in tumors compared with paired adjacent non-tumor tissues. To confirm this finding, RT-qPCR and western blot analysis was performed, which revealed that Sirt7 mRNA was significantly elevated in glioma compared to the normal tissues, as was that of Sirt7 protein (Fig. 1B and C) . Besides, to determine whether the levels of Sirt7 expression were associated with the grade of pathological classification, the expression level of Sirt7 was assessed in grade II and grade IV tumors. The results of this analysis revealed that Sirt7 expression was higher in grade IV than grade II gliomas (Fig. 1D) .
Owing to the limited number of fresh samples, TCGA database was used to analyze the difference in expression between the normal and glioma groups. Data from 698 GBM patients and 5 control group patients were extracted from TGCA database. Expression of Sirt7 was significantly higher in the GBM patients than in the control individuals (Fig. 1E) . Additionally, the pathology database was accessed and paraffin specimens (20 specimens, 9 for grade II and 11c for grade IV) were obtained. IHC assays revealed the presence of strong Sirt7 staining in the nuclei of high-grade gliomas (Fig. 1F) . These results indicated that Sirt7 may have a role in the development of glioma.
Expression levels of Sirt7 in different immortalized glioma cell lines.
To understand the potential functions of Sirt7 in glioma cells, the expression level of Sirt7 was analyzed in the human glioma CHG5, SHG44, U87 and U251 and one normal glial HEB cell lines (20) . The CHG5 and SHG44 cell lines were derived from grade II tissues, whereas U87 and U251 cell lines were obtained from grade IV tissues. Sirt7 expression was higher in glioma cells than in normal glial cells (Fig. 2A) . Compared with the low-grade CHG5 and SHG44 cells, U251 and U87 cells expressed an even higher level of Sirt7, in accordance with the results from the aforementioned experiments.
As the glioma cell lines in the present study exhibited high Sirt7 expression levels, Sirt7 was not overexpressed. However, two different siRNAs targeting Sirt7 were transfected into cells, and the efficiency of Sirt7 knock down was determined by western blot analysis and RT-qPCR. Compared with the control group, the protein and mRNA expression levels of Sirt7 in the si-Sirt7 group were significantly decreased ( Fig. 2B and C) .
Downregulation of Sirt7 expression suppresses cell proliferation in vitro.
The aforementioned observations prompted the investigation of the biological function of Sirt7 in the tumorigenesis of glioma cells, which was achieved by performing MTS assays to evaluate the effect of Sirt7 on cellular proliferation. At 24 h after siRNA transfection up to 72 h, the proliferation of cells was assessed (Fig. 3A) . The results demonstrated that knockdown of Sirt7 reduced the proliferation of cells in the si-Sirt7 groups when compared to the group transfected with the nonsense control siRNA. Whether Sirt7 affected the tumorigenesis of glioma cells was next assessed by detecting the colony formation ability of glioma cells following transfection. The results showed that Sirt7 knockdown significantly reduced the number of colonies formed (Fig. 3B) .
Sirt7 knockdown weakens cell invasion.
Invasive ability is one of the features that best reflects the malignancy of glioma cells. Thus, the effects of Sirt7 on cell invasion was assessed by Matrigel invasion assays. Sirt7 was knocked down in the U87 and U251 cell lines by transfection with si-Sirt7. The si-Sirt7 group exhibited reduced invasion into the lower chamber compared to the control group ( Fig. 4A and B; P<0.01). Depletion of Sirt7 significantly reduced cell invasion, indicating that Sirt7 may participate in the progression of glioma.
Sirt7 knockdown reduces the phosphorylation level of ERK and STAT3, and inhibits the expression of MMP9 and CDK2.
To investigate the molecular mechanism by which downregulation of Sirt7 inhibited glioma cell proliferation and invasion, whether knockdown of Sirt7 influenced ERK signaling activation was examined. The level of p-ERK decreased when Sirt7 expression was suppressed ( Fig. 5A and B) . Compared with the control group, the si-Sirt7 group exhibited a decrease in the levels of p-STAT3 and MMP9. To determine the function of Sirt7 in cell cycle progression, Sirt7 downregulation was performed, which decreased the expression of CDK2 (Fig. 5A and B), indicating that Sirt7 may participate in cell cycle regulation, which could further influence the glioma tumorigenesis.
Discussion
The mammalian sirtuin family has attracted considerable attention as regulators of numerous cellular processes, including metabolism, aging, cell cycle progression and cell survival under stress conditions (4, 21) . Sirt7, the newest member of the sirtuin family, is a nuclear protein that interacts with RNA polymerase I. Depletion of Sirt7 halts cellular proliferation and triggers apoptosis (22) . The dysregulated expression of Sirt7 has been detected in several malignancies, including colorectal cancer, gastric cancer, breast cancer and hepatocellular carcinoma (8, 23) . Ford et al (22) revealed that Sirt7 is associated with transcriptionally active rRNA genes, by interacting with RNA polymerase I (Pol I) and histones. Knockdown of Sirt7 resulted in decreased association of Pol I with rDNA and a reduction of Pol I transcription. Sirt7 is an NAD1-dependent histone 3 acetyl Lys18 deacetylase that stabilizes the transformed state of cancer cells (24) .
However, to the best of our knowledge, no intensive study of the biological functions of Sirt7 in human glioma has been conducted. The present study observed that significantly higher Sirt7 expression levels were observed in glioma tissues than in adjacent non-tumor tissues. Furthermore, the results of the present study demonstrated that Sirt7 upregulation was significantly associated with higher WHO grades, indicating that Sirt7 may participate in the progression of glioma. More notably, in functional experiments, Sirt7 knockdown markedly inhibited cell colony formation and invasion in vitro. Additionally, Sirt7 inactivation suppressed MMP9 and CDK2 expression, indicating that Sirt7 may lead to mitotic stimulation and uncontrolled cell growth during glioma progression. This finding was consistent with the results of a study of human hepatocellular carcinoma tumorigenesis, which indicated that Sirt7-knockdown was associated with G 1 phase cell cycle arrest (8) . However, further research into the mechanism of suppression is required.
ERKs are required for cell growth, and are reported to exert a diversity of biological functions in differentiation, apoptosis, inflammation, oncogenesis and angiogenesis in numerous tumor types (25) (26) (27) . ERK signaling is activated in the majority of gliomas (28) . In glioma cell lines and stem cell-enriched primary cultures of glioblastoma, constitutive activation of ERK kinases has been observed (29) . ERK phosphorylation is a major upstream activator of MMP9 (30) . STAT3, which was originally identified to be a mediator of inflammatory response to interleukin-6 (IL-6) (31), is required for brain tumor formation, as well as for maintenance of multipotency in GBM stem cells (32, 33) . We hypothesized that Sirt7 is important to this activation in two pathways; knockdown of Sirt7 expression decreased the phosphorylation level of ERK and STAT3, which indicated that STAT3 and ERK may be downstream effectors of Sirt7. Nevertheless, the identity of the specific signaling pathway in which Sirt7 is involved remains unclear. Therefore, additional research is required to confirm the findings of the present study.
The results of the present study demonstrated that the targeted knockdown of Sirt7 inhibited glioma cell proliferation and invasion in vitro. Sirt7 selectively modulated the cell cycle and invasion-associated protein synthesis, partly through the ERK/MMP-9 signaling axis. In addition, interference of Sirt7 expression disrupted STAT3 signaling via inhibition of STAT3 phosphorylation, which is required for proliferation and the maintenance of multipotency in glioblastoma stem cells (34) . Unfortunately, phosphatase inhibitors were not added to the lysis buffer during preparation of the patient samples; as a result, the phosphorylation status of STAT3 and ERK1/2 in tumor and adjacent normal tissues could not be detected. Finally, a reduction in CDK2 levels was observed in U87 and U251 cell lines when Sirt7 expression was suppressed, indicating that the suppression of Sirt7 may cause cell cycle arrest and inhibit cell growth. Thus, the findings of the present study demonstrated that Sirt7 could represent a potential therapeutic target in glioma. These data identified the potential clinical value of quantifying Sirt7 expression, which may aid assessment of the clinical prognosis. Future studies should investigate the detailed association between STAT3, ERK1/2, and Sirt7. A number of research topics remain to be studied, which include whether activating p-ERK and p-STAT3 directly or indirectly can antagonize the induction of Sirt7-inhibited cell proliferation and invasion. 
Availability of data and materials
The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable request.
Authors' contributions
PM, KL, QL, WS and TJ conceived the study, participated in its design and drafted the manuscript. DL participated in the cell experiments. WY and ZL performed sample collection and IHC staining. All authors read and approved the final manuscript.
Ethics approval and consent to participate
The research was approved by the Ethics Committee of the Chinese People's Liberation Army 174 Hospital (Affiliated Chenggong Hospital, Xiamen University). Informed consent was provided by all patients or their family members.
Patient consent for publication
Informed permission for publication was acquired from all patients.
